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Vibrio vulnificus is a natural inhabitant of estuarine waters. The three known biotypes include (i) most
human pathogens, (ii) primarily eel pathogens, and (iii) pathogens associated with fish and with human wound
infections in Israel. Despite the frequently lethal consequences of V. vulnificus infections, the growth rates of
the various biotypes and their response to environmental changes are not well characterized. We compared the
specific growth rates (�) of a representative of each biotype by culture and quantitative PCR (qPCR) analysis
in a defined medium under varied pH, temperature, and salinity. Growth rates based on culturable concen-
trations were always higher than those based on qPCR estimates; however, both enumeration methods yielded
comparable results on the influence of environmental factors on growth rates. Temperature (25°C, 30°C, 37°C),
pH (7.0, 8.0), and salinity (5 to 40‰) all had significant effects on the � of each biotype. Temperature had the
greatest effect on the � of biotype 1 (CMCP6), whereas salinity had the greatest effect on the � of biotypes 2
(ATCC 33147) and 3 (302/99). The biotypes’ growth rates varied significantly; biotype 1 grew most rapidly,
while biotype 3 grew most slowly. The highest growth rates were achieved at 37°C, pH 7.0, and salinities of 15
to 30‰ (� � 4.0, 2.9, and 2.4 generations h�1 for biotypes 1, 2, and 3, respectively). Other strains of the
biotypes yielded comparable results, suggesting that the physiological responses of the biotypes are differen-
tially affected by parameters that are highly variable both in estuarine environments and between the free-
living and pathogen states of V. vulnificus.

Vibrio vulnificus is an autochthonous estuarine inhabitant
that is widely distributed in warm, saline waters; however, it is
also an opportunistic human pathogen that causes wound in-
fections, gastroenteritis, and rapidly fulminating fatal septice-
mia (13, 20, 21, 33). Confirmed cases are commonly associated
with the consumption of contaminated raw seafood, specifi-
cally oysters. Moreover, contact with seawater, oysters, or fish
contaminated with V. vulnificus can result in necrotizing fas-
ciitis and limb amputation, particularly if the individual is im-
munocompromised (13, 27). The species has been linked to
over 95% of deaths related to consumption of seafood in the
United States (17). Medical conditions such as hemochroma-
tosis, renal failure, HIV, chronic liver disease, and immuno-
suppression act as predisposing factors for infection (6, 14, 20,
33). Vibrio vulnificus strains are categorized into three biotypes
determined by biochemical testing methods (4, 6). Biotype 1
strains are most frequently responsible for human infections,
whereas biotype 2 strains are associated with disease in eels
(3). Biotype 3 was identified in a series of outbreaks in Israel
that were associated with the handling of tilapia (6, 21).

Vibrio vulnificus is found in tropical and temperate estuaries,
where it faces frequently changing aspects of its environment,
such as temperature, salinity, pH, nutrient levels, and pollut-
ants (19, 28, 31). The highest concentrations of V. vulnificus in
environmental waters are observed during warm months (16,

28, 30, 36), and the bacteria may enter a viable but not cultur-
able state in water temperatures below 15°C (25). Various
works have provided a fragmented picture of the effect of
salinity on V. vulnificus (11, 15, 18, 19, 28, 30, 31, 36). The
species can tolerate a wide range of salinities, as evidenced by
detection in brackish river water at 2.6‰ (11) and culturing
from oysters harvested from waters ranging from 2 to 34‰
salinity (28). A survival study conducted in microcosms found
that the optimal salinity for biotype 2 eel isolates (strains E22,
E86, and E105) was 3 to 5‰ at 25°C and 15 to 38‰ at 12°C;
therefore, optimal salinity was influenced by temperature un-
der the experimental conditions (18). Others found that the
abundance of V. vulnificus in seawater was lower when salinity
rose above 25‰ (15). Another study, which used culture-
independent PCR methods, found a salinity optimum of 5 to
10‰ in coastal waters of New Jersey (31).

Whereas distribution and survival studies that explore phys-
ical parameters (such as temperature and salinity) of the bac-
terium’s niche have been performed (11, 15, 18, 19, 25, 28, 30,
31, 36), little information about their effects on the species’
specific growth rate (�) exists. In particular, little is known
about the comparative growth characteristics of the various
biotypes. One study showed that V. vulnificus grew most rap-
idly at elevated temperatures (�37°C) and moderate salinity
(10 to 20‰) (16). Others report that optimal growth condi-
tions are 22°C, 10 to 40‰ salinity, and pH above 5.2 (35).
However, these studies analyzed growth of environmental iso-
lates of unknown biotype or genotype. To our knowledge, no
studies have systematically examined the effects of biotype and
variation in physical-chemical parameters on V. vulnificus
growth rate.
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The use of quantitative PCR (qPCR) analysis allows rapid
detection of targeted sequences without the requirement of
culturability or enrichment procedures (7, 10, 12, 27, 31);
therefore, qPCR analysis can quantify cells that might be omit-
ted by culture-dependent methods. Bacterial concentrations
determined by qPCR are comparable to those measured by
culturing during the exponential phase of growth (32). How-
ever, under less optimal conditions, such as during the station-
ary phase of growth, when nutrients are depleted and metab-
olites accumulate (22), culturable concentrations decrease,
while qPCR-based concentrations remain unchanged (32).

In this study, the growth of one representative of each of the
three V. vulnificus biotypes was observed by three methods: (i)
increase in optical density (OD), (ii) culturable plate counts,
and (iii) total cell concentrations of a single-copy hemolysin
gene (vvhA) estimated by qPCR analysis. Logistic curves were
used for growth rate calculations under a variety of physical-
chemical conditions, including ranges of temperature, pH, and
salinity.

MATERIALS AND METHODS

Bacterial strains. One representative of each biotype was included in the
detailed study: V. vulnificus CMCP6 (biotype 1, septicemia isolate, South Korea),
V. vulnificus ATCC 33147 (biotype 2, diseased eel isolate, Japan), and V. vulni-
ficus 302/99 (biotype 3, wound infection isolate, Israel). Biotype 2 and 3 strains
were kindly provided by Anita C. Wright (University of Florida, Gainesville, FL).
Supplementary testing was performed with V. vulnificus 33814 (biotype 1), V. vul-
nificus 33149 (biotype 2), and V. vulnificus 313/98 (biotype 3) to support the
finding of different growth rates among the biotypes.

Culture conditions. Bacteria were grown overnight at room temperature
(�25°C) in 30 ml CAYEG (34) broth (3% Casamino Acids [Difco Laboratories
Inc., Detroit, MI], 0.3% yeast extract, 0.2% glucose, 0.05% KH2PO4, pH 8.4)
with agitation at 155 rpm. Cells from overnight cultures were concentrated by
centrifugation for 5 min at 10,000 rpm. The supernatant was removed, and cells
were washed once with 1� phosphate-buffered saline (PBS) (pH 7.0). The pellet
was then resuspended in 50 ml of defined (modified M9) minimal medium (23.2
mM Na2HPO4, 11.02 mM KH2PO4, 9.34 mM NH4Cl, 1.0 mM MgSO4) aug-
mented with 0.06% Casamino Acids, 0.006% yeast extract (Difco Laboratories
Inc., Detroit, MI), and 4.5 mM glucose. This medium has a base salinity of 5‰.
Salinity was adjusted by adding NaCl, and stipulated values include the base
salinity of the medium. Each microcosm was inoculated with washed cells so that
the initial cell concentration was approximately 107 CFU ml�1. Cultures were
agitated at 155 rpm. Dilution series were made in 0.85% NaCl, and plating was
performed on Trypticase soy agar (Difco Laboratories Inc., Detroit, MI) sup-
plemented with NaCl (5.0 g liter�1).

Measurements of growth. Microcosm cultures (50 ml) were grown in triplicate,
and the experiment was repeated once to provide a total of six replicates for each
salinity-pH combination: 5, 10, 15, 20, 25, 30, 35, and 40‰ salinity at pH 7.0 and
pH 8.0. Growth at all salinity-pH combinations was observed at temperatures of
25, 30 and 37°C. The pH of each microcosm was adjusted to initial values during
optical density readings (approximately 20-min intervals) with 300 mM NaOH.
The OD was measured at 600 nm (OD600) using a NanoDrop 2000 spectropho-
tometer (Thermo Scientific Inc., Wilmington, DE). Plating was performed at
least three times during the exponential phase of growth to assess the relation-
ship between OD and plate counts. Plates were incubated for 24 h at 37°C.

Conditions of near-optimal salinity (15 to 25‰) and temperature (37°), as
determined from the rate of increase in OD and corresponding plate counts,
were chosen for additional analysis by qPCR at both pH levels. Boiling lysis was
used to extract DNA (7). One milliliter of culture was centrifuged for 10 min at
10,000 rpm. The pellet was washed with 1� PBS, and the centrifugation was
repeated. The supernatant was discarded, and the pellet was resuspended in 1 ml
of 1� PBS and then boiled at 100°C for 10 min to lyse the cells. The product of
boiling lysis served as a template for qPCR performed with an ABI 7500 real-
time PCR system (Applied Biosystems Inc., Carlsbad, CA). BRYT Green fluo-
rescent dye (Promega Corporation, Madison, WI) was used to visualize the
increase in the vvhA hemolysin gene amplicon by using previously published
primers and procedure (7). The size of the expected 100-bp amplicon was
confirmed by agarose gel electrophoresis. The average melting temperature

(�standard deviation) of the amplicon was 81.23 � 0.91°C, the average efficiency
of the qPCR was 94.8%, and R2 of the standard curve was 0.996. The relation-
ships between qPCR estimate of cell concentration, OD, and culture-dependent
concentrations were determined at four time points during the exponential
growth.

Curve fitting and statistical analyses. Bacterial growth curves can be described
by sigmoid functions, such as the logistic model (29, 38). The logistic equation
has been previously modified from general mathematical to biological pa-
rameters that include specific growth rate (�) (38). Relationships between
OD, concentrations determined by plate counts (CFU ml�1), and total cell
concentrations determined by qPCR analysis (cells ml�1) were calculated on
log10-transformed data sets. Pairwise relationships between OD versus CFU
ml�1 and cells ml�1 were determined by fitting a linear regression curve to each
data set (Table 1). The corresponding data points were plotted versus time for
each replicate, and self-start logistic curves were fitted using the nonlinear re-
gression function of R 2.10.1 software (R Development Core Team, 2008; avail-
able at http://cran.r-project.org/). Logistic curves and their parameters were
established following previously described procedures:

y �
A

�1 � exp �4�

A
�� � t� � 2��

where y is cell concentration, A is the asymptote of the curve, � is lag time (in
hours), and � is maximum growth rate (38).

Growth rates, identified as maximum rates of change of the logistic model, �
(tangent lines at the point of inflection), were compared. Three-way analysis of
variance (ANOVA) (Minitab Statistical software; State College, PA) was carried
out to identify the statistical significance between all tested physical variables
(temperature, pH, and salinity), as well as any interactions among them. The
growth rates based on CFU ml�1 concentrations were further analyzed by one-
way ANOVA with post hoc testing (Tukey-Kramer) to better identify statistical
significance of differences among salinity levels within each temperature-pH
group. Results were considered significant at the 	-level of 0.05 (see Fig. 2).

RESULTS

Growth rate calculations. Logistic curves were fitted to cul-
ture and qPCR data generated during the exponential phase of
growth to calculate �, the specific growth rate for each condi-
tion. Figure 1 shows a comparison of the growth curve of the
three biotypes based on culture data (CFU ml�1) at 30°C, pH
7.0, and 20‰ salinity. Growth rates under these conditions
were 3.05, 1.75, and 1.20 generations h�1 for biotypes 1, 2, and
3, respectively. The fitting of data generated from other con-
ditions and qPCR measurements to the logistic model was
comparable to the strong fit shown in Fig. 1. Growth rates
based on culture and qPCR data for all conditions are included
in Table 1.

Measurements of V. vulnificus concentrations. Growth of the
three V. vulnificus biotypes was measured by three methods: (i)
OD600 and (ii) culturable plate counts (CFU ml�1) for all
conditions and (iii) total cell concentrations (cells ml�1) by
qPCR analysis of the vvhA gene for conditions of 37°C, pH 7.0,
and 15, 20, and 25‰ salinities. These conditions were all
within the optimal range for each biotype, and no significant
difference in growth rates among these salinity levels was ob-
served. Pairwise relationships between OD, CFU ml�1, and
cells ml�1 were determined by fitting a linear regression curve
to each combination of data points during exponential growth
(Table 2). The greatest correlations between concentrations
determined by the three methods were always observed for
biotype 1 (R2 
 0.67 to 0.90), followed by biotype 3 (R2 
 0.52
to 0.85) and biotype 2 (R2 
 0.40 to 0.80) (Table 2).

Vibrio vulnificus concentrations determined by plate count
(CFU ml�1) were always lower than corresponding average
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estimates of total cell numbers by qPCR analysis (cells ml�1)
for all biotypes at all treatment and level combinations. An
example of this relationship for each biotype is shown in Fig. 2,
where culture conditions were 30°C, pH 7.0, and 20‰ salinity.
The largest difference between the plate count and qPCR
measurements was always observed during the lag phase. As
the growth progressed, the magnitude of this difference de-
clined (Fig. 2). The greatest discrepancy between the plate
count and qPCR measurements was observed for biotype 1. A
similar pattern was observed for biotype 3, while the least
difference was observed for biotype 2.

Comparison of growth rates among biotypes. The growth
rates of the biotypes were compared using calculations based
on qPCR and plate count data. The differences among the
growth rates of all three biotypes were significant under all
environmental conditions and for both measurement methods.
When the specific growth rates measured at each environmen-
tal condition were compared, biotype 1 grew on average 1.7
and 1.9 times faster than biotypes 2 and 3, and biotype 2 grew
on average 1.2 times faster than biotype 3. However, under the
conditions nearest the optimum (37°C, pH 7.0, 15 to 30‰
salinity), the growth rates of biotype 3 were not significantly
different from those of biotype 2. The growth rates based on
plate counts were on average greater than those based on
qPCR analysis by a factor of 1.5 for biotype 1, 1.1 for biotype
2, and 1.3 for biotype 3.

The effects of temperature, salinity, and pH on growth
rates. Three-way ANOVA of growth rates calculated from
plate count data (CFU ml�1) was performed for all possible
treatment and level combinations of environmental factors
(Table 3). All strains grew best at 37°C, pH 7.0, and within the
salinity range of 15 to 30‰. The factor that most affected the
growth rate of biotype 1 was temperature, which was respon-

sible for 43.1% of total variation among the growth rates.
Salinity and pH resulted in 12.2 and 4.3% of total variation,
respectively. The interactions of the variables, with the excep-
tion of pH and temperature, were significant, contributing to
19.6% of total variation. The factor that most affected growth
of biotype 2 was salinity, followed by temperature and pH,
which represented 34.0, 24.9, and 1.5% of total variation, re-
spectively. Interactions of all parameters were significant and
contributed 26.1% of the total variation. Biotype 3 produced
results that were most similar to those of biotype 2, as the
order of the parameters’ effect on � was salinity, temperature,
and then pH. Interactions of all variables, except those be-
tween pH and temperature, were significant and accounted for
15.6% of total variation among the growth rates. Overall, the
effects of the measured parameters and interactions among
them accounted for 77.0, 84.2, and 79.2% of total variation in
growth rate for biotypes 1, 2, and 3, respectively. The remain-
der of the variation was not accounted for (stochastic).

Analyses of the growth rates based on qPCR analysis yielded
comparable results (Table 3); i.e., the dominant factors affect-
ing the growth rate of each biotype remained the same, al-
though the attributed percentage varied slightly from that of
culture-dependent methods.

To further explore the effects of salinity, growth rates based
on plate counts were compared (one-way ANOVA with a post
hoc [Tukey-Kramer] test). The effects of salinity were analyzed
separately for cultures grown at pH 7.0 and pH 8.0 and for
each temperature (Fig. 3). Biotype 1 maintained comparable
growth rates across the majority of the salinity range at pH 7.0
(Fig. 3A and D). The only significant differences (lower growth
rates) were found at 5‰ salinity for cultures grown at 37°C
and at 40‰ salinity for cultures grown at 25°C. At pH 8.0 and
37°C, the biotype 1 strain grew significantly faster at salinities

TABLE 1. Mean growth rates of six replicates based on CFU ml�1 versus time and total cells ml�1 versus time

Salinity (ppt)

Mean growth rate (generations h�1)

Biotype 1 (CMCP6) Biotype 2 (ATCC 33147) Biotype 3 (302/99)

pH 7 pH 8 pH 7 pH 8 pH 7 pH 8

25°C 30°C 37°C 25°C 30°C 37°C 25°C 30°C 37°C 25°C 30°C 37°C 25°C 30°C 37°C 25°C 30°C 37°C

CFU ml�1 vs time
5 1.80 2.15 2.03 1.30 1.79 1.95 0.38 0.50 0.73 0.35 0.55 1.03 0.41 0.70 0.72 0.30 0.39 1.15
10 2.03 2.57 3.24 1.35 2.69 3.31 1.45 2.25 1.23 1.42 1.55 1.95 0.88 1.48 0.97 0.90 1.13 1.42
15 2.16 2.94 3.31 1.39 2.76 3.65 1.85 2.25 2.28 1.02 1.76 1.91 1.99 1.90 2.15 0.88 1.92 2.14
20 1.77 2.87 3.56 1.46 2.09 2.84 1.38 2.01 1.97 1.09 1.74 2.60 0.98 1.24 1.97 0.89 1.36 1.89
25 1.83 2.78 3.97 1.97 2.20 2.42 1.33 1.88 2.17 1.34 1.63 2.27 1.15 1.40 2.38 1.28 1.42 2.15
30 1.73 3.41 3.19 1.84 2.44 2.64 0.90 1.61 2.91 1.18 1.74 1.86 1.12 1.58 2.04 1.39 1.36 1.95
35 1.43 2.66 2.48 1.77 2.54 3.08 0.79 1.31 1.88 0.90 1.29 1.97 1.20 1.76 2.01 1.31 1.32 1.52
40 1.22 2.45 2.76 1.71 2.00 1.85 0.78 1.25 1.45 0.78 0.79 1.24 1.11 1.72 1.90 1.34 1.38 1.77

Total cells ml�1 vs
time (qPCR
analysis)

5 1.20 1.48 1.38 1.25 1.20 1.30 0.33 0.80 0.73 0.34 0.54 0.94 0.32 0.59 0.64 0.25 0.35 1.00
10 1.33 1.59 1.30 1.22 1.67 2.49 1.38 2.12 1.18 1.06 1.46 1.86 0.79 1.21 0.80 0.78 0.93 1.09
15 1.49 1.85 2.37 1.05 1.84 2.58 1.76 2.08 1.97 0.98 1.64 1.79 1.49 1.44 1.52 0.88 1.46 1.74
20 1.12 1.86 2.51 1.05 1.43 1.96 1.30 1.90 1.90 1.06 1.62 2.47 0.82 1.48 1.53 0.78 1.03 1.55
25 1.26 1.78 2.48 1.33 1.51 2.04 1.27 1.79 2.06 1.22 1.63 2.12 1.00 1.42 1.92 0.84 1.16 1.55
30 1.22 2.84 2.26 0.98 1.84 1.90 0.85 1.50 2.72 1.07 1.67 1.74 0.79 1.23 1.54 0.93 1.10 1.47
35 1.38 1.19 1.71 1.12 1.65 1.93 0.75 1.26 1.76 1.06 1.22 1.82 1.10 1.21 1.60 0.91 1.04 1.31
40 1.11 1.84 1.79 1.11 0.93 1.48 0.79 1.20 1.39 0.71 0.76 1.15 1.07 1.20 1.56 0.98 1.00 1.30
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of 10, 15 and 35‰ than at other salinities under the same
temperature-pH conditions.

Variations in salinity had a greater effect than temperature
and pH on the � of biotype 2 (Fig. 3B and E). Cultures grown
in media with salinities at the low and high ends of the range
had consistently the lowest growth rates at both pH levels. At

pH 7.0, a significant increase in � was observed for 15‰
salinity at 25°C and at 30‰ at 37°C. Biotype 3 (Fig. 3C and F)
grew significantly more slowly at the low end of the salinity
range. Biotype 3 cultures grown at pH 7.0 at 15‰ and 25°C
and 30°C had significantly higher growth rates than other sa-
linities. Growth rates for each biotype were modeled as a
function of salinity and temperature at pH 7.0 and 8.0 (Fig. 4).
Growth rates were determined from plate count (CFU ml�1)
concentrations. This figure is helpful for visually comparing the
overall response of the biotypes’ growth rates to the variables;
e.g., note the great effect of low salinity on the growth rate of
biotype 3 and insignificant effect of higher salinity.

Supplementary measurements of growth rates were per-
formed with V. vulnificus strains ATCC 33814 (biotype 1),
ATCC 33149 (biotype 2), and 313/98 (biotype 3) (8) under
selected conditions (37°C, pH 7.0, 15 to 25‰ salinity) (data
not shown). The mean growth rates were compared to those
observed for CMCP6, ATCC 33147, and 302/99 under the
identical conditions. The same trends in growth rates were
observed among these examples of the three biotypes, i.e.,
biotype 1 had a greater growth rate than biotype 2, which had
a growth rate greater than or equal to that of biotype 3. Fur-
thermore, no significant differences were found between the
growth rates of strains within a biotype; e.g., the growth rate of
biotype 1 CMCP6 was not significantly different than that of
ATTC 33814.

DISCUSSION

In previous studies, the effects of environmental conditions
on the growth rates of V. vulnificus were described for strains
of unknown biotype (16, 35). We have determined that the
growth rate of V. vulnificus in a nonselective, defined broth
differed by biotype and that it was strongly affected by temper-
ature and salinity and to a lesser extent by pH. These effects
were observed whether the enumeration method was by cul-
ture (plate count) or qPCR analysis.

During our study, the fastest average generation time ob-
served by culture methods was 15 min for biotype 1 (37°C, pH
7.0, 15 to 30‰ salinity). The generation time estimated by
qPCR measurements under the same conditions was 24 min.
The genome of V. vulnificus, as well as that of other members
of the family Vibrionaceae, consists of two chromosomes. It has
been suggested that the presence of two chromosomes could
contribute to the high growth rate of V. vulnificus and other
Vibrionaceae species (37). For example, V. parahaemolyticus
and V. alginolyticus can double in 12 to 14 min. The most rapid
generation time reported for Vibrio natriegens is 9.8 min (1).

Quantitative PCR analysis is a relatively novel method for
measuring bacterial growth compared to culturable plate
counts or optical density; we therefore compared growth rate
measurements obtained using these methods. Enumeration by
culture typically underestimates total cell concentrations. Op-
tical density is a measurement of light scattering that reflects
relative bacterial concentrations and must be correlated with
another method, such as culturable counts, to determine cell
concentrations (16, 23, 35). Total cell concentrations can be
determined by qPCR; however, these measurements may also
include free DNA and that of nonreplicating cells.

Concentrations based on qPCR measurements were always

FIG. 1. Growth curves based on culturable concentrations (CFU
ml�1) for each V. vulnificus biotype at 30°C, pH 7.0, and 20‰ salinity
fitted with the logistic model. (A) Biotype 1; (B) biotype 2; (C) biotype
3. The growth rates are 3.05, 1.75, and 1.20 generations h�1, respec-
tively. Dots are actual data points, while the line represents the fitted
logistic curve. Note the different scales of the y axes.
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higher than concentrations based on plate counts for each
biotype. Findings by others support the existence of discrep-
ancies between culture-dependent and culture-independent
measurements, with concentrations determined by culture-de-
pendent methods being smaller in each case (12, 32). In our
study, the greatest differences were always observed during the
lag phase, and these discrepancies decreased as the cultures
entered exponential phase. This phenomenon may be ex-
plained by the formation of viable but not culturable (VBNC)
cells (26) in the inoculum (overnight) culture that were carried
over into the fresh cultures. In that case, one may well be
measuring the growth rate of two populations as the culture
enters early exponential phase: one that is actively dividing and
a minority population that has not yet begun to divide. Resus-

citation (regaining culturability) of the VBNC cells during ex-
ponential phase may have closed the gap in concentrations
determined by the two methods. The qPCR measurements
would estimate a lower growth rate, because they would ac-
count for the initially unculturable cells, while the plate counts
would not detect them. The existence of V. vulnificus VBNC
cells and the health concerns they impose on shellfish con-
sumers and recreational water users have been well docu-
mented (24); therefore, it is informative to compare the
culture-dependent and culture-independent measurements
of V. vulnificus levels.

Growth rates, determined as maximal rates of change of the
fitted logistic curves (tangent lines at the point of inflection),
were always larger when based on plate counts than when
based on qPCR analysis. Whereas this is perhaps counterin-
tuitive based on the fact that values of cell concentrations have
the opposite relationship (estimates by qPCR are greater than
those by culture methods), others have also observed differ-
ences between growth rates determined from culture-depen-
dent and culture-independent estimates (32). Since the initial
populations (lag phase and early exponential phase) likely con-
tained relatively high proportions of nonculturable targets, the
exponential phase of the respective logistic curves produced
more shallow slopes. Consequently, the slopes of tangent lines
at points of inflection of each logistic curve, which define the
growth rate (38), were smaller. We therefore conclude that
concentrations determined by plate counts yield higher esti-
mates of specific growth rates of V. vulnificus than qPCR anal-
ysis, which must be taken into account if one is comparing data
generated by the two methods.

Vibrio vulnificus strains are native to estuaries, which expe-
rience a high degree of physical-chemical variability, and are
also human and fish pathogens (19, 30, 33). Therefore, the
species must possess the capability to grow in a wide variety of
different environmental conditions. In our study, all three
physical variables (temperature, pH, and salinity) exerted sig-
nificant effects on the growth of V. vulnificus. The growth of
each biotype was affected primarily by temperature and salin-
ity. The effect of pH was also significant but less prominent. All
biotypes grew fastest at 37°C and pH 7.0 in this study. Biotype
1 was less affected by salt concentrations than biotypes 2 and 3.
This suggests that biotype 1, a common estuarine bacterium
which is responsible for most human infections (14), is better
adapted for growth under diverse environmental conditions.
The lesser tolerance to low or high salinity levels by biotypes 2
and 3 may contribute to their restricted host distribution in eels
(4) and tilapia (5), respectively, as well as narrow geographical
boundaries (14).

The interactions among individual variables, except between

FIG. 2. Comparison of growth curves obtained by culturing versus
qPCR at 30°C, pH 7.0, and 20‰ salinity. (A) Biotype 1; (B) biotype
2; (C) biotype 3. Note the different scales of the y axes.

TABLE 2. Relationships between estimates of cell concentrations obtained by various methods: optical density versus culture or optical
density versus qPCR analysisa

Biotype
Relationship

Log10 OD600 vs log10 CFU ml�1 Log10 OD600 vs log10 cells ml�1 Log10 CFU ml�1 vs log10 cells ml�1

1 y 
 1.70x � 10.70 (R2 
 0.90) y 
 1.01x � 10.40 (R2 
 0.76) y 
 0.5279x � 4.6093 (R2 
 0.67)
2 y 
 1.24x � 9.77 (R2 
 0.80) y 
 1.16x � 10.48 (R2 
 0.63) y 
 0.598x � 4.0589 (R2 
 0.40)
3 y 
 1.70x � 10.92 (R2 
 0.85) y 
 1.13x � 10.64 (R2 
 0.70) y 
 0.5163x � 4.6614 (R2 
 0.52)

a The culture conditions were 37°C and pH 7.0, and data were combined for salinities of 15, 20, and 25‰.
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pH and temperature for biotypes 1 and 3, were significant
contributors to total variability among the growth rates. There-
fore, we conclude that pH, temperature, and salinity are inter-
dependent variables with regard to the growth of V. vulnificus.
Interestingly, analyses performed on growth rates based on
plate counts (CFU ml�1), as well as qPCR analysis (cells
ml�1), produced similar results, making this method suitable

for evaluation of the effects of physical parameters on V. vul-
nificus growth. Moreover, the growth rates of additional strains
(ATCC 33814 biotype 1, ATCC 33149 biotype 2, 2095/00 bio-
type 3), determined for selected, near-optimal conditions, sup-
ported the detailed growth rate studies on the other examples
of the three biotypes. These data strongly suggest that growth
rates of V. vulnificus differ by biotype.

TABLE 3. Contribution of individual variables and interaction among them (*) to the growth rates based on culture-dependent methods and
qPCR for each V. vulnificus biotypea

Biotype

Contribution to growth rate (%)

Individual variable Interaction between variables All physical variables
and interactionspH Temp Salinity pH*temp pH*salinity Temp*salinity pH*temp*salinity

Culture-dependent methods
CMCP6 biotype 1 4.3 43.1 12.2 0.5† 3.7 6.6 8.7 77
ATCC 33147 biotype 2 1.5 24.9 34 1 2.8 11.6 10.6 84.2
302/99 biotype 3 0.6 26.8 38.9 0.6† 2 6.2 7.4 79.2

qPCR analysis
CMCP6 biotype 1 1 40.4 12.2 0.7† 5.7 10.2 9.4 77.3
ATCC 33147 biotype 2 0.3 23.4 42.6 0.1† 7.7 11.4 11 87.1
302/99 biotype 3 5.1 26.5 42.1 1.2 1.7 3.9 7.8 85.4

a The proportion of the variation in growth rate contributed by each variable is given. All factors significantly affected growth rates, except those marked with a dagger
(†), which denotes that results are not significantly different.

FIG. 3. Growth rates of the three V. vulnificus biotypes determined by plate count (CFU ml�1) at salinities from 5 to 40‰ at three
temperatures (25, 30, 37°C) and at pH 7.0 (A to C) and 8.0 (D to F). (A, D) Biotype 1; (B, E) biotype 2; (C, F) biotype 3. Values that share a
letter designation (including no letter) within each temperature-pH group are not significantly different. Error bars represent standard errors.

VOL. 77, 2011 VIBRIO VULNIFICUS BIOTYPE GROWTH RATES 4205



FIG. 4. Growth responses modeled as a function of temperature and salinity. Mean growth rates were standardized for the entire data set,
where mean was set to zero and standard deviation was set to one, as supported by IAC (Intelligent Adaptive Curiosity; R Development Core
Team, 2008; available at http://cran.r-project.org/). Temperature, salinity, and interactions were squared for the model. Temperature range was 25
to 37°C, salinity range was 5 to 40‰.
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Human infections are most frequently caused by biotype 1
strains, which are also most commonly isolated from environ-
mental waters (2). Vibrio vulnificus infections are often char-
acterized by rapidly fulminating septicemia and cellulitis or
sepsis of a wound infection (13, 20). Biotype 1 V. vulnificus can
be classified into E and C genotypes by randomly amplified
polymorphic DNA (RAPD) (36). Environmental and clinical
isolates commonly (but not exclusively) belong to genotypes E
and C, respectively. During this study, strains representing
biotype 1, which were both genotype C and of clinical origin,
grew significantly faster than biotype 2 (both strains were con-
firmed eel pathogens) and biotype 3 under all experimental
conditions. The fast onset of exponential phase and rapid
growth may well contribute to the relative virulence of biotype
1 strains toward humans. This finding also may offer an expla-
nation for why biotype 1 strains account for the majority of
human pathogens, as the human body represents an assembly
of conditions beneficial for their growth: stable temperature of
37°C, NaCl concentrations in blood of �9.0‰ (9), and blood
pH just above 7.0.

In summary, temperature, pH, and salinity are interdepen-
dent variables that significantly affect the growth of all three
V. vulnificus biotypes. Furthermore, the growth of V. vulnificus
differs by biotype. Moreover, biotype 1 is more tolerant to low
and high salinities and grows significantly faster than biotypes
2 and 3. These qualities likely contribute to its ubiquitous
distribution, as well as to relatively frequent pathogenicity in
humans. The qPCR method for quantification used in this
study was well correlated with plate count measurements,
particularly during mid- and late exponential phase, and
served as a good indicator of the effects of environmental
factors on V. vulnificus.
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